Background: Sarcolipin (SLN), a regulator of SR Ca 2ϩ ATPase (SERCA) in muscle, can promote the uncoupling of SERCA from Ca 2ϩ transport and increase heat production. Results: Overexpression of SLN in muscle increases energy expenditure and provides resistance against diet-induced obesity. Conclusion: SLN plays a role in whole-body metabolism. Significance: SLN can serve as novel target to increase energy expenditure in muscle.
Obesity is a global epidemic, posing a major health care threat by contributing to higher incidences of cancer, heart diseases, and diabetes (1) . Obesity results from an imbalance between caloric intake and energy expenditure. Enhancing energy expenditure by decreasing metabolic efficiency offers an effective strategy to counter the rate of obesity and associated disorders (2, 3) . Skeletal muscle accounts for ϳ40% of the total body mass and is the major site for substrate utilization (4, 5) . Although exercise has been proposed as an effective strategy to increase energy expenditure, it is not well adhered to (6, 7) . Therefore, alternative methods to enhance energy expenditure in muscle should be explored. In this regard, recent studies have highlighted the role of sarcoplasmic reticulum Ca 2ϩ cycling in energy expenditure (8) . We and others have identified SLN 2 as a novel regulator of SERCA in muscle (9, 10) . Studies have also highlighted that SLN binding to SERCA uncouples ATPase activity from Ca 2ϩ transport (which promotes the futile cycling of the SERCA pump), thereby increasing ATP hydrolysis and heat production (10, 11) .
By generating both loss (Sln Ϫ/Ϫ) and gain of function (skeletal muscle-specific SLN overexpression, Sln OE ) mouse models, we demonstrated recently that SLN is an important player in adaptive thermogenesis, including cold-and diet-induced thermogenesis (12) . We showed that Sln Ϫ/Ϫ mice failed to maintain body temperature (37°C) when exposed to acute cold (12) . Furthermore, when fed a high-fat diet, Sln Ϫ/Ϫ mice became highly obese, which suggests that the uncoupling action of SLN contributes to whole-body energy metabolism (12) . However, these studies were performed at 22°C (mild cold stress), a condition that also activates thermogenesis. Therefore, it remains unclear whether the metabolic phenotype could be due to cold-induced thermogenesis. Therefore, we chose to perform all our experiments under thermoneutrality (29°C Ϯ 1°C), where adaptive thermogenic mechanisms are not recruited. The main objective of this study was to investigate the role of SLN in metabolism and energy expenditure by challenging mice (Sln OE and Sln Ϫ/Ϫ ) to pair feeding and high-fat diet (HFD) treatment. Our results demonstrate that when mice were pair fed, higher SLN expression in muscle increased energy demand and resulted in weight loss. Interestingly, when mice were fed with a HFD (ad libitum), mice overexpressing SLN were resistant to diet-induced obesity through significant up-regulation of the oxidative metabolism. These studies suggest that SLN uncoupling of SERCA is an important regulator of energy expenditure in muscle, thereby contributing to whole-body energy homeostasis.
EXPERIMENTAL PROCEDURES
Animals-The skeletal muscle-specific Sln overexpression mouse model (Sln OE ) was generated using a human skeletal ␣-actin promoter (13) . The generation of Sln Ϫ/Ϫ mice has been described previously (9) . Animal procedures were approved by the Ohio State University Institutional Animal Care and Use Committee and conducted in accordance with the Guide for the Care and Use of Laboratory Animals. All animal experiments were performed at thermoneutrality (29°C Ϯ 1°C) to minimize contribution from brown adipose tissue-mediated, diet-induced thermogenesis because the normal housing temperature (22°C) is a mild cold stress for mice.
Pair Feeding Study-During the course of our study, we observed that Sln OE mice consume more calories (compared with Sln Ϫ/Ϫ and WT mice) when fed ad libitum (data not shown). Therefore, we reasoned that a pair feeding strategy will show the intrinsic differences in metabolic rate between these mice. For pair feeding experiments, wild-type, Sln Ϫ/Ϫ , and Sln OE mice (14 -16 weeks old) were housed individually. Each group had six mice, and each mouse received an equal amount of calories (2.5 g of regular chow diet/day/mouse) for a period of 9 weeks, maintained at 29°C Ϯ 1°C. The 2.5-g pair feeding regimen was chosen on the basis of the daily average food consumption of Sln Ϫ/Ϫ mice. Changes in body weight were recorded weekly.
High-fat Diet Studies-Sln OE , Sln Ϫ/Ϫ , and WT mice (8 weeks old, n ϭ 12) were fed with a HFD (45% calories from fat, Research Diet Inc.) for a period of 12 weeks, maintained at 29°C Ϯ 1°C. Food consumption and body weight were measured weekly. Total calorie intake was calculated from the measured food intake during 12 weeks of feeding. Feed (caloric) efficiency was expressed as the body weight gain divided by the total calorie intake between the start and the end of the experiment.
Histology-Epididymal white adipose tissue, brown adipose tissue, liver, and various skeletal muscles were fixed in 10% normal buffered formalin solution and embedded in paraffin. Sections were stained with H&E, and liver sections were also stained with osmium tetraoxide to show lipid droplets. A light microscope (Zeiss Axioskop 40, Oberkochen, Germany) was used to generate images. Succinate dehydrogenase (SDH) activity staining was performed on sections of tibialis anterior (TA) muscle as described earlier, with slight modifications (14) .
Glucose Tolerance Test and Measurement of Lipid Profile-After 12 weeks of HFD feeding, mice were fasted overnight, and dextrose (2 mg/g body weight) was injected intraperitoneally for glucose tolerance testing. A blood sample was collected from the tail nick to measure blood glucose 0, 30, 60, 90, and 120 min after the dextrose injection. Blood glucose levels were measured using a TRUEtrack blood glucose monitoring kit. Blood triglycerides and total cholesterol were measured in overnightfasted animals using the CardioChek analyzer and test strips. Nonesterified fatty acids were measured by use of an HR series NEFA-HR kit (Wako Diagnostics)
Whole-body Oxygen Consumption and Physical Activity Measurement-Oxygen consumption (VO 2 ), CO 2 production (VCO 2 ), respiratory exchange ratio (RER, VCO 2 /VO 2 ), and heat production (energy expenditure) were measured simultaneously using an Oxymax comprehensive laboratory animal monitoring system (Columbus Instruments, Columbus, OH) (15, 16) . These parameters were measured individually in a resting state at the housing temperature (29°C Ϯ 1.0°C) with ad libitum food and water. RER is the ratio of the volume of CO 2 produced to the volume of O 2 consumed (VCO 2 /VO 2 ). A RER value closer to 0.7 indicates fat utilization, whereas a value closer to 1.0 means carbohydrate use. Voluntary physical activity was evaluated by infrared beam breaks for both horizontal and vertical movements.
Oxygen Consumption in Isolated Muscle-Isolated muscle oxygen consumption (17, 18) was measured using the TIOX tissue bath system (Harvard Apparatus, Holliston, MA). Soleus muscles from HFD-fed Sln OE and WT mice (n ϭ 3) were isolated, and oxygen consumption was measured during rest and electrical stimulation (20 V, 600-ms pulse every 2 min from 10 -250 Hz). After 30 min, caffeine (3 mM, a dose sufficient to cause a sarcoplasmic reticulum Ca 2ϩ leak from RyR1 but not muscle contraction (19) ) was added along with electrical stimulation, and isolated muscle oxygen consumption measurements were taken. Baseline oxygen without muscle was subtracted from experimental values to give muscle oxygen consumption (17) .
Electron Microscopy of Muscle Tissues-Skeletal muscle mitochondrial abundance was determined using a Tecnai G2 Spirit transmission electron microscope (FEI, Hillsboro, OR) at various magnifications by a blinded investigator (15) . Muscle tissue from 4 mice/group was analyzed, and 15 electron micrographic images were acquired for each sample to count mitochondrial numbers.
Quantification of Mitochondrial DNA-Genomic/mitochondrial DNA was isolated using the RNAzol method, followed by back extraction with 4 M guanidine thiocyanate, 50 mM sodium citrate, and 1 M Tris and an alcohol precipitation. Mitochondrial DNA content was determined by SYBR Green analysis (Applied Biosystems). The levels of NADH dehydrogenase subunit 1 (Nd1, mitochondrial DNA) were normalized to the levels of peptidylprolyl isomerase A (Ppia, genomic DNA). The primer sequences were as follows: mt-Nd1, GTTGGTCC-ATACGGCATTTT (forward) and TGGGTGTGGTATTGG-TAGGG (reverse); Nuc-Ppia, GCATACGGGTCCTGGCAT-CTTGTCC (forward) and ATGGTGATCTTCTTGCTGGTC-TTGC (reverse).
Gene Expression Analysis-Total RNA was isolated from TA muscles using TRIzol reagent in accordance with the guidelines of the manufacturer. 1.0 g of RNA was reverse-transcribed using the Maxima first-strand cDNA synthesis kit (Qiagen).
Gene expression analysis was performed on QuantStudio TM 12K Flex real-time PCR system using a custom-designed PCR array (SA Biosciences).
Western Blotting-Expression levels of mitochondrial and other signaling proteins were determined by Western blot as described earlier (20) . Skeletal muscle tissues were homogenized in ice-cold homogenization buffer (NaCl, 137 mM; KCl, 2.7 mM; MgCl 2 , 1 mM; Na 4 O 7 P 2 , 5 mM; NaF, 10 mM; Nonidet P-40, 100 1%; glycerol, 10%; Tris (pH 7.8), 20 mM; EDTA, 1 mM; PMSF, 0.2 mM; Na 3 VO 4 , 0.5 mM; and protease inhibitor mixture, 1ϫ (Calbiochem, Merck Millipore, Billerica, MA)). After electrophoresis, proteins were transferred to 0.45 M nitrocellulose membranes. Membranes were washed with Tris-buffered saline containing 0.5% Tween 20 (TBS-T) and blocked for nonspecific binding (room temperature, 1 h, 5% (w/v) nonfat milk in TBS-T). Membranes were probed with primary antibodies for either 2 h at room temperature or overnight at 4°C. The primary antibodies used include oxidative phosphorylation (OXPHOS) antibody mixture (Abcam, Cambridge, MA), CPT1-M antibody (Alpha Diagnostics, San Antonio, TX), antilipoprotein lipase antibody (catalog no. ab21356), and Anti-PPAR ␦ antibody (catalog no. ab137724) from Abcam, and PGC1␣ antibody was obtained from Cell Signaling Technology. NFATc3 (catalog no. sc8321) and pNFATc3 (catalog no. sc32982) were purchased from Santa Cruz Biotechnology Inc. After being washed with 0.05% TBS-T, blots were probed with the appropriate horseradish peroxidase-linked secondary antibody for 1 h at room temperature and then washed again with 0.05% TBS-T, developed with enhanced chemiluminescent substrate (Amersham Biosciences ECL Prime Western blotting detection reagent, catalog no. RPN2236), and exposed to x-ray film. The autoradiograph was quantitated by densitometric analysis with ImageJ software. SERCA1a or ␣-actin was used as loading control.
␤ 2 -Adrenergic Agonist Treatment-To investigate the role of SLN in muscle energy expenditure, we also studied the effect of formoterol, a selective ␤ 2 -adrenergic receptor agonist, on agematched Sln OE , Sln Ϫ/Ϫ , and WT mice. Prior to treatment, mice were acclimated for 48 h in individual comprehensive laboratory animal monitoring system metabolic cages, and oxygen consumption was monitored continuously. Formoterol (dissolved in sterile PBS) or PBS (Gibco) was injected intraperitoneally at a dose of 1 mg/kg (21) . After injection, the mice were returned back to their respective cages to continue metabolic measurements.
Data Analysis-Statistical analyses were performed using GraphPad Prism software (version 6.0). All data are expressed as mean Ϯ S.E. Either (where appropriate) Student's t test or analysis of variance followed by a Tukey's or Bonferroni post hoc test were performed. The following levels of significance were used: *, p Ͻ 0.05; **, p Ͻ 0.01; #, p Ͻ 0.001.
RESULTS

Pair Feeding of Sln OE Mice Results in Significant Weight
Loss-We have reported previously that loss of SLN in mice leads to diet-induced obesity, whereas WT mice were less obese but had up-regulated SLN expression (12) . To understand the role of SLN level in muscle metabolism, we also developed an Sln OE mouse model in which SLN is expressed at high levels in both fast-and slow-twitch skeletal muscle tissues in comparison with WT animals (12) . Interestingly Sln OE mice show a higher basal oxygen consumption compared with WT and Sln Ϫ/Ϫ animals ( Fig. 1A ). In this study, we tested whether overexpression of SLN affects energy expenditure using a pair feeding strategy. 14-to 16-week-old Sln OE , Sln Ϫ/Ϫ , and WT mice were pair-fed (mice were pair-fed an equal amount of calories) for a period of 9 weeks at thermoneutrality (29°C Ϯ 1°C), a temperature that does not evoke cold-induced thermogenesis. At the end of pair feeding, Sln OE mice exhibited a significant loss in body weight compared with WT mice (Fig. 1B ). In contrast, Sln Ϫ/Ϫ mice showed a significant gain in body weight compared with WT mice under the pair-fed condition (Fig. 1B) . The greater energy expenditure in Sln OE mice is likely due to a higher energy cost for muscle work (and lower caloric efficiency, Fig. 1C ) because there is no difference in physical activity among the groups (data not shown). The increased energy expenditure was further supported by a decrease in fat mass ( Fig. 1D ) and a smaller size of adipocytes in Sln OE mice (Fig. 1E ). The decrease in fat mass is due to an increased reliance on fatty acid oxidation, which is further confirmed by RER data because the RER of Sln OE mice was shifted toward 0.7 (data not shown). Next we studied whether the oxidative capacity was enhanced in muscle by determining SDH activity staining using succinate as substrate (22) . SDH staining demonstrated that Sln OE muscle had increased SDH activity, a sign of high oxidative capacity in Sln OE mice (Fig. 1F ). These data suggest that an increasing SLN level can affect energy expenditure and whole-body metabolism.
Sln OE Mice Gain Less Weight on a High-fat Diet Despite Consuming More Calories-We were excited by the finding that SLN increases energy expenditure in mice. Therefore, we next investigated whether increased SLN expression in muscle can provide resistance against high-fat diet-induced obesity. Sln OE and WT littermates were fed ad libitum with a HFD (45% calories from fat) for 12 weeks, and mice were housed at thermoneutrality (29°C Ϯ 1°C). We found that Sln OE mice gained significantly less weight during HFD feeding ( Fig. 2A ) and, after 12 weeks, showed 36.2% less net weight gain (p Ͻ 0.001, Fig. 2B ) despite consuming more calories (36.1% more, p Ͻ 0.001, Fig.  2C ) compared with WT littermates. Furthermore, analysis of caloric efficiency revealed that Sln OE mice gained significantly less weight per calorie consumed (47% lower than WT mice, p Ͻ 0.001, Fig. 2D ). Interestingly, HFD-fed Sln OE mice showed a lower fasting blood glucose level and did not develop glucose intolerance, as evidenced by faster glucose clearance during an intraperitoneal glucose tolerance test ( Fig. 2E ). In addition, Sln OE mice showed an improved lipid profile (lower blood cholesterol ( Fig. 2F ), triglycerides (Fig. 2G ), and nonesterified fatty acid levels (Fig. 2H) ) compared with HFD-fed WT controls.
Compared with WT mice, HFD-fed Sln OE mice showed less fat deposition, as determined by MRI and histological analysis. Quantification of WAT by weighing ( Fig. 2I ) and MRI ( Fig. 2J ) showed smaller fat depots in Sln OE compared with WT mice. Histological analysis of fat tissues revealed a decreased adipocyte size and increased cellular density in WAT and brown adipose tissue (Fig. 2K) as well as lesser lipid droplet accumula-tion in the liver (Fig. 2L ). HFD feeding did not affect muscle mass (lean body mass) and its architecture in Sln OE mice (data not shown).
To determine energy expenditure, we measured the metabolic rate (oxygen consumption) and RER in whole animals and in isolated muscle following HFD feeding. Sln OE mice showed increased daily VO 2 (Fig. 3A ) (7.7% higher during the light period and 19.3% higher during the dark period (Fig. 3B) ). Interestingly, we found that RER was significantly lower in Sln OE mice compared with WT mice (Sln OE ϭ 0.80, WT ϭ 0.85) during the active period (Fig. 3C) , indicating an increase in fatty acid utilization in Sln OE mice. Further analysis of whole-body metabolic measurements shows greater energy expenditure in Sln OE mice (Fig. 3D ) (26.7% greater than WT, p ϭ 0.0108, Fig.  3E ). However, voluntary physical activity was not significantly different between Sln OE and WT mice (data not shown), which suggests that an increasing level of SLN is sufficient to promote energy expenditure.
In support of this, studies using isolated soleus muscle from Sln OE mice showed 57% higher oxygen consumption in the resting state ( Fig. 3F ), which nearly doubled (ϳ2-fold, p Ͻ 0.05) during electrical stimulation and increased further with caffeine treatment compared with the resting state (Fig. 3F) . These data suggest that higher SLN levels in muscle increase the energy cost both in the whole animal and in isolated muscle.
SLN Increases the Mitochondrial Biogenesis and Oxidative Capacity of Muscle-The finding that Sln OE mice have increased oxygen consumption and fatty acid utilization prompted us to investigate whether SLN promotes oxidative metabolism. Therefore, we investigated whether SLN overexpression altered the mitochondrial content in muscle tissues from HFD-fed Sln OE , Sln Ϫ/Ϫ , and WT mice. Electron micro- scope analysis showed a striking increase in mitochondrial content in the muscles of Sln OE mice ( Fig. 4 ): 50% higher (p ϭ 0.005) in fast-twitch TA muscle (Fig. 4 , A and C) and 55% higher (p ϭ 0.012) in extensor digitorum longus muscle (Fig. 4, B and C) compared with the WT. On the other hand, mitochondrial content was significantly lower in Sln Ϫ/Ϫ mice both in TA (15% lower; p Ͻ 0.05; Fig. 4 , A and C) and extensor digitorum longus (20% lower, p Ͻ 0.05; Fig. 4 , B and C) muscles compared with the WT. Remarkably, the mitochondria were much larger and showed elaborate and compactly packed cristae with an increased inner mitochondrial membrane volume in Sln OE muscle tissues (Fig. 4D) , whereas mitochondria of Sln Ϫ/Ϫ muscle had less abundant cristae (Fig. 4D ). Mitochondrial DNA copy number was increased in parallel with the higher mitochondrial content in Sln OE muscle, whereas it was decreased in Sln Ϫ/Ϫ muscle (Fig. 4E ).
In line with increased mitochondrial content, we found an increase in the expression of enzymes involved in oxidative metabolism, including electron transport chain/OxPhos, NADH dehydrogenase (ubiquinone) 1 ␣ subcomplex (Ndufa1), cytochrome c-1 (Cyc1), cytochrome oxidase subunit V isoform a (Cox5a), and ATP synthase F1 complex ␣ subunit 1 (ATP5a1)), enzymes involved in the maintenance of mitochondrial redox potential (glycerol-3-phosphate dehydrogenase 2 (Gpd2), and enzymes involved in the tricarboxylic acid cycle (citrate synthase) in Sln OE muscles (Fig. 5A ). Protein expression of subunits of electron transport chain complexes was increased in line with mRNA expression (Fig. 5B ).
Next we studied whether the oxidative capacity was enhanced in fast-twitch muscles of HFD-fed Sln OE mice by determining SDH activity staining. Our data show a significant increase in SDH activity staining in TA muscle of Sln OE mice compared with WT muscle (Fig. 5C ). However, myosin ATPase staining under acidic conditions (which is permissive for myosin heavy chain 1 (MHC1) ATPase activity but not for MHC2ATPase) shows that there was no switch in myosin isoforms (data not shown).
Furthermore, we observed a significant increase in the expression of several genes involved in fatty acid transport and oxidation (Cd36, Fabp5, Cpt1b, Pdk4 , Lpl, and Acadl) (Fig. 5D ).
Protein expression of CPT1-M, involved in fatty acid transport and lipoprotein lipase, a major regulator of fatty release, were also highly up-regulated in Sln OE muscle (Fig. 5E ).
We also observed an increase in PGC-1␣, PGC-1␤, PPAR␦, and mitochondrial transcription factor A master regulators of Sln -/-WT Sln OE mitochondrial biogenesis (Fig. 5, F and G) . Similarly, there is an up-regulation of the transcription factors NRF-1 and NRF-2 ( Fig. 5F ), involved in regulating OXPHOS genes and coordinating nuclear and mitochondrial genomes (23) . These studies suggest that SLN promotes the oxidative phenotype in muscle through increased mitochondrial biogenesis. We additionally investigated whether SLN mediated increase in mitochondrial biogenesis involves Ca 2ϩ dependent signaling pathways, especially the CAMKII and calcineurin/NFAT pathway (23) (24) (25) (26) (27) . We found an increased expression of CamkII (and its target Gsk3b) as well as calcineurin (and its target Nfam1) (Fig.  5H) . In support of gene expression data, there was also an ϳ25% increase in calcineurin phosphatase activity (Fig. 5I ) and a corresponding decrease (30 -50%) in phosphorylated NFATc3 (Fig. 5, J  and K) in the various muscles of Sln OE compared with WT mice. These data suggest that SLN acts through Ca 2ϩ -dependent signaling mechanisms to increase the oxidative metabolism in response to increased energy demand.
␤ 2 -Adrenergic-mediated Increase in Energy Expenditure in Muscle Requires SLN-Up-regulation of the metabolic rate under acute physiological conditions requires ␤ adrenergic sig-naling. Formoterol, a ␤ 2 -adrenergic receptor-specific agonist, is well known to increase the metabolic rate in peripheral tissues, particularly in skeletal muscle (21, 28) . However, it is unknown whether SLN is part of this mechanism to increase metabolism. Therefore, we administered formoterol to Sln OE , Sln Ϫ/Ϫ , and WT mice. After formoterol administration, oxygen consumption was increased significantly in Sln OE mice (Fig. 6A,  14 .2% increase, p Ͻ 0.001) compared with WT mice (4.4% increase, p Ͻ 0.05, Fig. 6B ), whereas Sln Ϫ/Ϫ mice failed to increase oxygen consumption in response to formoterol treatment (Fig. 6,  A and B) . Interestingly, RER analysis showed that formoterol enhanced fatty acid utilization in Sln OE mice (12.7% increase compared with WT mice, p ϭ 0.037) but not in Sln Ϫ/Ϫ mice (6.4% decrease compared with WT mice, p ϭ 0.043) (Fig. 6C) . These data support our main idea that SLN is an important component of the ␤2-adrenergic-mediated increase in energy expenditure.
DISCUSSION
We have reported previously that loss of SLN predisposes mice to diet-induced obesity, which indicates that SLN may play a role in energy balance (12) . A major objective of this study was to understand how increasing SLN expression levels affect energy expenditure and contribute to whole-body metabolism using Sln OE mice. During the course of our study, we observed that Sln OE mice consume more calories (compared with Sln Ϫ/Ϫ and WT mice) when fed ad libitum. Therefore, we reasoned that a pair feeding strategy will show the intrinsic differences in metabolic rate between these mice. A key finding is that pair feeding of Sln OE mice leads to loss of body weight and depletion of fat depots compared with Sln Ϫ/Ϫ mice. This finding suggests that increasing the expression levels of SLN in both fast-and slow-twitch muscle can lead to a higher energy cost for muscle work because there was no difference in the physical activity level between groups. In addition, these studies were done under thermoneutrality to minimize the contribution from thermogenic mechanisms. Therefore, the higher energy expenditure seen here is mostly due to SLN-mediated energy expenditure.
We propose that a higher SLN to SERCA ratio can be energetically costly. The data from this study suggest that the ratio of SLN to SERCA is a key determinant of energy expenditure and that regulating SLN expression levels can be an important factor in regulating muscle metabolism. We found that Sln OE mice had higher oxygen consumption and consumed more calories. We also observed that SLN is important for a ␤-adrenergic-mediated increase in energy expenditure. On the basis of these data, we suggest that SLN is an important component of basal metabolic rate and increasing SLN levels can result in higher basal metabolic rate.
An important question we addressed here is the role of SLN in diet-induced thermogenesis. Our studies showed that Sln OE mice fed a HFD gained less weight and maintained a healthy metabolic profile in comparison with WT mice. This is an exciting finding that suggests that SLN can affect energy metabolism in muscle and, thereby, contribute to whole-body metabolism and energy balance. The detailed molecular mechanisms of how SLN regulates whole-body energy metabolism remains to be understood. In this study, for the first time, we show that increasing SLN level in muscle can increase energy cost, leading to less fat deposition. Second, we show that, only in Sln OE mice, mitochondrial biogenesis is higher in skeletal muscles but not in Sln Ϫ/Ϫ mice. In support of this, there was also an increase in the transcriptional regulators of mitochondrial biogenesis, PPAR␦ and PGC1␣, suggesting that SLN is involved in programming fast-twitch muscle into an oxidative phenotype. This is further confirmed by our data showing higher oxygen consumption and lower RER, an indication of increased oxidative metabolism. Interestingly, a higher oxidative capacity of Sln OE muscle occurred without a change in skeletal muscle fiber type composition. These data suggest that increasing the SLN/ SERCA ratio leads to increased uncoupling of SERCA from Ca 2ϩ transport and sustenance of elevated cytosolic Ca 2ϩ , thereby activating Ca 2ϩ -dependent signaling pathways, e.g. calcineurin/NFAT, to mediate the transcription of genes especially involved in oxidative metabolism and mitochondrial biogenesis (29 -35) .
However, further work is necessary to completely establish the interplay between SLN, Ca 2ϩ signaling, and transcriptional regulation of mitochondrial biogenesis. Here we propose a working model (Fig. 7) for SLN-mediated signaling in muscle. We suggest that increasing SLN activity could lead to enhanced futile cycling of the SERCA pump and increased ATP hydrolysis, thereby creating a chronic energy demand. At the same time, an increase in cytosolic Ca 2ϩ (because of uncoupling of SERCA by SLN) could directly activate mitochondrial enzymes to increase oxidative phosphorylation and ATP synthesis (36 -43) . Moreover, uncoupling of SERCA activity, and, hence, an increase in cytosolic Ca 2ϩ , can trigger Ca 2ϩ -dependent signaling pathways, promoting mitochondrial biogenesis. Therefore, we propose that SLN/SERCA interaction plays a dual role. It creates an energy demand in muscle on one hand and, at the same time, activates Ca 2ϩ -dependent signaling to increase ATP production through increased mitochondrial biogenesis ( Fig. 7) .
Collectively, our findings, for the first time, demonstrate that SLN in muscle is an important player in energy expenditure and whole-body metabolism. These findings have broad implications for understanding how muscle can be tapped to increase energy expenditure. Unlike other organs, striated muscle constitutes ϳ40% of the total body mass and is the major consumer of fuels (4, 5, 44) . Moreover, cardiac and skeletal muscle together can consume more than 80% of total body fuel (glucose and fatty acids) during acute physiological demand. Therefore, mechanisms that increase energy expenditure in muscle can be a powerful approach to control obesity. Although exercise is known as the best mechanism to increase energy expenditure, studies suggest that skeletal muscle can also be activated through other means to increase energy expenditure. Unlike in rodents, SLN is highly abundant in adult human skeletal muscle (45), and mutations in the chromosomal locus containing SLN are associated with obesity (46) . On the basis of these observations and the data presented here, we propose that manipulating the SLN level/activity in skeletal muscle can be an attractive strategy to increase energy expenditure in muscle in addition to exercise. FIGURE 7 . Proposed mechanism to show how SLN/SERCA interaction affects muscle metabolism. SERCA uses ATP hydrolysis to actively transport Ca 2ϩ from the cytosol into the sarcoplasmic reticulum lumen. SLN binding to SERCA causes uncoupling of Ca 2ϩ transport from ATP hydrolysis. This leads to futile cycling of the pump and increased ATP hydrolysis/heat production, thereby creating energy demand. At the same time, uncoupling of SERCA prolongs the cytosolic Ca 2ϩ transient, thereby activating the mitochondrial oxidative metabolism and ATP synthesis (i) and Ca 2ϩ -dependent signaling pathways promoting mitochondrial biogenesis (ii). Therefore, SLN plays a dual role. It creates an energy demand and signals mitochondria to increase ATP production. The SLN-mediated increase in metabolism can also be recruited by SNS stimulation.
